i. introduction I N recent years, wind power generation has developed rapidly, and the amount of electricity delivered to the grid from wind power generation is also increasing. The high proportion of wind power grid-connected operation has brought great challenges to the safety and stability of power systems, and the impact of wind power accidents cannot be ignored [1] . The major wind power developed countries and regions in the world have adopted the grid-connected rules to regulate the grid-connected behavior of wind power, especially the fault-pass capability of wind power, including low voltage ride through (LVRT) and high voltage ride through (HVRT). Doubly-fed induction generator (DFIG) is the most widely used type of wind turbine generator because of its advantages of small capacity, low cost, and variable speed constant frequency operation. However, due to its stator windings directly connected to the grid, the excitation converter capacity is limited, causing it to be sensitive to grid disturbances, and in the event of a power grid failure, problems such as over-current, over-voltage, torque shock and pulsating output, and active and reactive power fluctuations are likely to occur, which seriously endanger the unit's operation safety and affect the output power quality.
For the low-voltage ride-through problem of the grid-connected operation of doubly-fed wind turbines, there has been a lot of theoretical research and engineering practice. These LVRT schemes can be summarized as hardware-based and control-based algorithms. Based on the hardware scheme, the topological structure of the doubly-fed wind power converter is implemented through additional hardware devices to improve the LVRT capability of the wind turbine [2] , [3] . Based on the control algorithm, the control strategy is optimized based on the operating characteristics of the DFIG unit. Documents [4] and [5] comprehensively discuss several commonly used and improved control strategies for solving the problem of low-voltage ride-through of doubly-fed wind turbines. Aiming at the characteristics of DFIG, a large number of literatures have done indepth research on the transient characteristics of DFIG during low-breakage faults, and given a variety of solutions. The literature [6] [7] [8] studied the electromagnetic transient characteristics of DFIG and the short-circuit current under LVRT control when the voltage of the power grid falls, and provided the theoretical basis for the relevant LVRT strategy. According to the transient characteristics of DFIG when voltage drops, the literature [9] is based on the idea of "demagnetization", by timely and accurately injecting the transient compensation amount on the rotor side, the controllability in the LVRT process of the unit is effectively improved, and the LVRT performance of the double-fed unit is improved. Literature [10] and literature [11] proceeded from the direction of speeding up the decay of the stator flux transients and proposed the virtual inductance demagnetization control and virtual resistance control respectively. Corresponding to the voltage drop, the voltage swell occurs when the grid voltage recovers or the grid reactive power excess time. If the unit does not consider the over-voltage protection design at this time and does not have the HVRT control capability, it must be disconnected from the power grid to generate a large-scale off-grid phenomenon of the wind turbine. At present, there are few researches on transient characteristics and related countermeasures of DFIG when the voltage of power grid is suddenly increased. Literature [12] , [13] proposed an improved control ii. the mathematical model oF dFig
In the stator stationary frame, the vector form of the doubly-fed motor voltage equation and the flux linkage equation are
(1) is the voltage equation, and (2) is the flux linkage equation. Where u s and u r are stator and rotor voltages, R s and R r are stator and rotor resistances, i s and i r are stator and rotor currents, respectively; ψ s and ψ r are fixed and rotor flux chains, ω r is the rotor angular velocity, and L s , L r and L m are stator inductance, rotor inductance and mutual inductance, respectively.
According to the voltage equation of (1), the equivalent circuit of DFIG shown in Fig. 1 can be obtained. L ls and L lr in Fig. 1 are stator leakage inductance and rotor leakage inductance, respectively.
iii. Stator Flux tranSient analySiS oF grid Voltage SWell and drop Fault
Assume that the system is operating stably before t 0 , the stator voltage at this time can be expressed as (3) where U is the stator voltage amplitude and ω 1 is the stator synchronous angular velocity.
If the grid voltage occurs symmetrical fault at t 0 , set the grid voltage amplitude change degree p, and when p < 0 system voltage drop fault occurs, the drop depth is | p |; when p > 0, a voltage surge fault occurs and the magnitude of the swell is | p | . In this process, the stator voltage can be expressed as (4) The corresponding stator steady state flux chain expression is (7) where, Ψ n0 is a constant related to the fault condition, .
It is analyzed that the solution of the flux differential equation is composed of homogeneous solution and nonhomogeneous solution. Where, the non-homogeneous solution is the steady-state component of the flux linkage Ψ sn , its amplitude is related to the stator voltage, and its frequency is the synchronous angular frequency; the homogeneous solution is the transient decay component of the flux linkage Ψ sn , which reflects the continuity of the flux linkage change and is an exponentially decaying DC value.
Since the instantaneous value of the flux linkage is the same before and after the grid voltage fault, there are (8) Assuming that the grid voltage fault occurs at time t 0 = 0, the corresponding expressions in (5) and (6) are substituted into (8) . After the fault occurs, the complete expression of From (9), the change process of the stator flux linkage in the αβ coordinate system is shown in Fig. 2 after the grid voltage has dropped and swelled. The steady state of the stator flux is a circle with a constant amplitude, a fixed center and a rotation at the synchronous angular frequency. When a threephase grid voltage drop or swell failure occurs, the amplitude of the flux linkage cannot be abrupt, and under the action of the DC transient component, it gradually shifts to a new steady state in a way that the center is shifted, and steady-state pre-fault constitute concentric circles.
iV. rotor induced Voltage oF grid Voltage SWell and drop Fault
After the grid voltage fails, the two components of the stator flux will each generate an induced electromotive force in the rotor, and thus a transient process will also occur in the rotor induced electromotive force. And because the output voltage controllable range of voltage source type inverter is limited, so need to consider the rotor end voltage when the voltage fault of the power grid.
According to the DFIG mathematical model, from (2) can get (10) where:
Substituting (10) into (1), the expression of the rotor voltage can be obtained as (11) The first term in (11) is the induced electromotive force generated by the stator flux on the rotor loop, denoted by u r0 , which is the open circuit voltage of the rotor; and the second term is the impedance drop of the rotor loop.
The induced electromotive force generated on the rotor loop by the steady-state and transient components of the stator flux is denoted by e rf and e rn , respectively, and its relationship with the open-circuit voltage of the rotor can be expressed as (12) Calculated by (9) and (11) are available (13) where, s = (ω 1 − ω r ) ⁄ ω 1 is the slip ratio.
Ignoring the smaller 1 / τ s terms, there are
Therefore, the open circuit voltage of the rotor is
The conversion of (15) to the rotor coordinate system can be expressed as 
V. rotor current oF grid Voltage SWell and drop Fault
When the double-fed unit is operating normally, the influence of rotor current should be considered. The expression of the rotor voltage in (11) in the stator coordinate system is transformed into a synchronous rotating coordinate system, finally get
where, the subscript dq in i r,dq , u r,dq , u r0,dq represents the value of this vector in dq synchronous rotating coordinate system,
]. u r,dq is the AC output voltage of the rotor side converter, which reflects the influence of the control performance of the rotor side converter on the rotor current. From (17), it can be seen that when the grid fault occurs, the rotor current change is determined by both the stator flux linkage and the rotor-side converter, and the interaction relationship is related to the generator electromagnetic parameters and the rotation speed. The rotor-side converter changes the AC-side output voltage according to the active and reactive control strategy to track the set rotor current, and the rotor current can be approximated as a reference value. After the grid fails, it is assumed that the capacity of the converter is sufficiently large and the rotor crowbar protection does not act. The size of the rotor voltage is affected by the rotor-side converter control system. The rotor-side converter control of DFIG often adopts vector control mode of stator flux orientation, and the decoupled control of active and reactive power is achieved by means of feedforward compensation of coupling terms. integral coefficients of the current loop controller, respectively. Assuming that the closed-loop bandwidth of the current control loop is large enough, the voltage on the AC side of the converter can track the reference value without any error, and the switching transients are ignored, then the rotor voltage space vector in the synchronous rotating coordinate system when the power grid fails can be written as i rf,dq is the general solution of the second-order differential equation, which is the natural component of the rotor current and is related to the current i r0,dq when the rotor is operating normally (24) where, r 1 and r 2 are the characteristic roots of differential equations.
(25)
From the above derivation we can see that under the controllable conditions of the rotor-side converter, the rotor current contains the periodic component and the transient dc component. Among them: The steady-state component i rn1,dq is the periodic component of the rotor current, the value of which is determined by the output control strategy of the rotor-side converter; the transient component i rf,dq is the natural component of the rotor current and is only related to the parameters of the generator and the converter; the transient dc component i rn2,dq is generated by the rotor's transient dc back-EMF, and its magnitude is related to the voltage drop and speed of the machine terminal, which reflects the influence of the voltage amplitude change on the rotor current when the grid voltage fails. Of the three components of the rotor current, only i rn2,dq is related to the magnitude p of the grid voltage change. It can be seen from the expression of i rn2,dq that if other control conditions are not changed, when the grid voltage drops or swells by the same 23) shows that, considering the influence of the rotor-side converter, the magnitude of the transient DC component of the rotor current is also closely related to the control parameters of the rotor-side converter. The 1.5 MW double-fed converter experiment and simulation system is shown in Fig. 6 . The parameters of the generator used are: stator rated voltage is 690 V; rotor open circuit voltage is 1900 V; stator resistance is 0.015 4 Ω; rotor resistance is 0.003 3 Ω; the stator leakage inductance is 0.034 Ω; the rotor leakage inductance is 0.029 7 Ω; the magnetizing inductance is 1.2 Ω; the rotor speed is 1800 rpm; the proportional constant of the rotor side current transformer PI current controller is 5, and the integral constant is 0.05.
As shown in Fig. 7 , when the grid voltage drops by 30%
and swells by 30%, respectively, the rotor dq axis current is given and actual value based on the synchronous rotation coordinate system of the stator flux linkage orientation. When the power grid fails, the rotor dq-axis current superimposes a transient current component whose main frequency is 60 Hz and whose amplitude gradually decays. Fig. 8 shows the comparison of the transient current component of the dq axis of the rotor after the same amplitude (30%) of drop and swell failure occurred at the same time, confirming the theoretical analysis results, that is, the grid voltage fault affects the transient decay component of the rotor current i rn2,dq .The rotor transient current amplitude caused by the two faults is equal and the phase difference is 180 degrees. However, since the rotor current is also superimposed with the natural component i rf,dq , which is the amount related to the current i r0,dq when the rotor is in normal operation, thus, the amplitude of the rotor transient current under the two grid faults is not exactly equal, and the phase is not exactly 180 degrees out of phase. the grid voltage drop to 70%, and (b) shows the experimental waveforms for DFIG current and voltage when the grid voltage swelling to 130%. Where U a is A phase grid voltage, I sa is A phase stator current, I ra is A phase rotor current, t 1 is the grid fault start time, t 2 is the grid voltage recovery moment. Fig.9 show that the experimental results are consistent with the theoretical analysis when the grid voltage is reduced by 30% or increased by 30%. 55 L m / L s U is known, so the rotor side converter is less prone to overmodulation. This paper only compares the changes of the electromagnetic quantity of the generator when the grid voltage drops and swells, and does not consider the control of the grid-side converter. Since the grid-side converter is directly connected to the grid, when the grid voltage suddenly rises to 1.3 times the high voltage, it is necessary to consider withstand voltage capability of the components of the grid-side converter, especially the power unit. Moreover, it can be known from the vector control theory that the high voltage on the AC side causes overmodulation of the converter, resulting in uncontrollable current. In view of the possible over-modulation of the grid-side converter, the method of dynamically adjusting the DC bus voltage reference and controlling the network side to absorb reactive power to reduce the voltage of the AC side terminal can be improved. 
Vi. experiment VeriFication

Vii. concluSion
